The combined effects of three independent variables (carrier filling ratio, aeration rate and reactor run time (RRT)) were evaluated in a continuous moving bed biofilm reactor (MBBR) through central composite design (CCD) of the response surface methodology (RSM) for experimental design, analysis and process optimization for municipal wastewater treatment processes. A low-cost polystyrene biocarrier was designed and its efficiency in terms of organic and nutrient removal was evaluated in an MBBR. A mathematical-statistical tool represented by CCD was employed to assess the interactive effects of the three key independent operational parameters, inclusive of biocarrier filling ratio (0-70%), 
INTRODUCTION
As pollution, oxygen consumption and eutrophication of the aquatic environment caused by high levels of organic matter and nutrients (nitrogen and phosphorus) present in discharged effluent has become an unavoidable concern, and the development of cost-effective and efficient biological process for wastewater treatment is highly promising to satisfy the stringent discharge standard (Ahmed et al. ; Guo et al. ) .
Over the last few decades, the moving bed biofilm reactors (MBBRs) operate as continued operation biofilm reactors that can accumulate high concentrations of active biomass over the surface of biocarriers. This technology is reliable and compact due to the development in their designs and operation which has resulted in decreased footprints, significantly lower suspended solid production, consistent production of high quality and reusable water and minimal sludge production (Rodgers & Zhan ; Barwal & Chaudhary ) .
Moreover, single-stage biofilm-based MBBRs can be used for the simultaneous removal of organic matter and nutrients successfully since nitrifying bacteria and specialized microbes with low specific growth rates are retained by the biofilm adhered to the suspended carriers (Wang et al. ; Aygun et al. ) . More carriers can provide more sites for the attachment and growth of microorganisms. An increase in carrier filling ratio could increase particle-particle collision and promote the aeration rate to fluidize carriers, which could enhance the shear stress on the biofilm. Moreover, a high aeration rate increases the operational cost (Anderson et al. ) . Therefore, the carrier filling ratio and aeration rate of MBBR must be optimized to meet the pollutant removal requirements and to achieve suitable costs.
However, in MBBR, the choice of support carrier is a crucial step for the efficient operation of the reactor to maintain a high amount of biomass. The biocarrier used in MBBR for wastewater treatment should have low cost, high effective surface area, good mechanical strength and be suitable for microbial aggregation. Therefore, in this study, the scope of replacing kaldnes-like carriers which are generally made up of high density polyethylene (HDPE) with an inexpensive, low cost and hard plastic polystyrene carrier was evaluated as an alternative for conventional biocarriers.
To date, most studies on the optimization of wastewater treatment process have focused on the traditional onefactor-at-a-time approach. However, this approach, which does not take into account cross effects from the factors con- 
MATERIAL AND METHODOLOGY

Synthetic wastewater
A synthetic wastewater was used to simulate municipal wastewater (just after the primary treatment process , height 11.55 mm, specific gravity 0.97 g cm 
Analytical methods
Samples were collected from the influent and sampling port of the biological reactor. All analysis was conducted in accordance with Standard Methods (APHA ). Turbidity was measured by a digital Nephalo turbidity meter (Systronics).
TP was determined by using a spectrophotometer (UV 1800, Shimadzu). Temperature, pH and DO concentrations were measured in the biological reactor every workday, immediately before sampling. All DO and pH measurements were carried out with a DO meter and pH meter, respectively.
Calculation of removal efficiency
In order to quantify the whole treatment performance of the reactors, removal efficiencies (RE) were calculated for the chemical parameters by using the following equation:
where C in and C eff are the concentrations in the influent and in the effluent, respectively.
Experimental design and procedure
Three factors and 2 3 full factorial CCD based on RSM has been studied for the experimental design, and data obtained from it were taken as responses of the system. Table 1 shows various operational variables and factor levels (low, medium and high). In order to describe the interactive effects of three independent variables, a total of 20 experimental runs, designed 
RESULTS AND DISCUSSION
The relationship between the three independent variables (A: filling ratio, B: aeration rate and C: reactor run-time) and the five process responses (R 1 : COD, R 2 : BOD, R 3 :
TKN, R 4 : TP and R 5 : turbidity RE) for the municipal wastewater treatment process in MBBR was studied using a mathematical-statistical tool, RSM.
CCD model
The three factor CCD matrix and the experimental and predicted response obtained for the biological reactor are presented in Table 2 . The sequential model sum of squares and model summary statistics were also tested to decide the adequacy of various models which showed that the 
The above equations can also be represented in terms of actual factors as Equations (6) The normal (%) probability plot of the studentized residuals is an important diagnostic tool to indicate whether the residuals follow a normal distribution, in which case the points will follow a straight line. Figure 2 shows normal probability plots of the studentized residuals for responses.
The external studentized residuals levels for R 1 , R 2 , R 3 , R 4
and R 5 show that the errors were normally distributed, insig- In Figure 4 , a plot of studentized residuals versus predicted data is shown for the removal of COD, BOD, TKN, TP and turbidity concentration. These are t-distribution confidence intervals calculated using the error degrees of freedom and the pooled standard deviation.
Analysis of reactor performance
In this study, the MBBR was subjected to 20 different runs.
In order to analyze and investigate the interactive effect of variables on the responses, three-dimensional (3D) cube plots ( Figure 5 ) and response surface plots ( Figure 6 ) and 2D contour plots ( Figure 7) were drawn using Design Expert software (version 10). This program allows the user to have factors that each has a different number of levels.
COD and BOD removal
Biocarrier filling ratio and aeration rate play a vital role to Up to 40% of carrier filling ratio and 0.21 m 3 h -1 of aeration rate was found to be sufficient for the bio-reactor. The maximum COD and BOD removal efficiency achieved up to 40%
filling ratio was 84 ± 1.5% and 87 ± 2.3%, respectively. An increasing trend in COD and BOD removal was observed with a further increase in the filling rate (maximum up to 50%) at an aeration rate of 0.42 m 3 h -1 and 9 d of RRT.
This optimum filling ratio of 50% bore the highest impact loading capacity among all the runs. By increasing the filling ratio beyond 50% (maximum up to 70%), the requirement of the aeration rate was high for the growth of microbes present in wastewater. In spite of providing the high aeration rate (0.63 m 3 h -1 ) and filling ratio (60 and 70%), a declining trend in COD as well as the BOD removal was observed;
this may be because of the inability of the carrier to move freely within the bioreactor and unfavorable conditions for the microbial activity. In general, the BOD 5 /COD ratio shows the effectiveness of oxidation in destroying the organic load of the wastewater. Usually a BOD 5 /COD ratio of >0.4 is characteristic for biodegradable effluent (Tchobanoglous et al. ) . In this study, this ratio was 
TP removal
The TP data obtained were fitted with quadratic models (Table 4) 
Turbidity removal
Figures 5(e) and 6(e) show the three-dimensional plots of turbidity removal efficiency observed as a function of biocarrier filling rate, aeration rate and RRT (contact time) used in this study. At 0% filling rate (without adding biocarriers in the reactor), the residual turbidity was observed to decrease as the contact time of the reactor increased. The lowest residual turbidity of 41.4 NTU (26.4% removal) for the 0%
filling rate occurred at a RRT of 8-9 days. Similarly, when the filling ratio was increased to 10%, the turbidity removal was observed to increase up to 32.1% as a function of time and aeration rate of 0.21 m 3 h -1
. A further increase in filling ratio and RRT resulted in a sharp decrease of residual turbidity from the initial value of 57.4 NTU down to 29.1 NTU.
Figure 7(e) shows the two-dimensional contour plot of turbidity removal as a function of aeration rate and filling ratio for the different RRT used in this study. It can be seen that at an optimum filling ratio of 50% and 0.42 m 3 h -1 of aeration rate, the maximum turbidity removal rate was observed to be up to 46.2%. 
